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Using optical pump–white light probe spectroscopy the gain dynamics is investigated for a VEC-
SEL chip which is based on a type-II heterostructure. The active region the chip consists of a
GaAs/(GaIn)As/Ga(AsSb)/(GaIn)As/GaAs multiple quantum well. For this structure, a fully mi-
croscopic theory predicts a modal room temperature gain at a wavelength of 1170 nm, which is
confirmed by experimental spectra. The results show a gain buildup on the type-II chip which is
delayed relative to that of a type-I chip. This slower gain dynamics is attributed to a diminished
cooling rate arising from reduced electron–hole scattering.
Very recently, laser operation has been demonstrated
in a type-II vertical-external-cavity surface-emitting laser
(VECSEL).[1] The type-II design promises further wave-
length flexibility in the infrared as well as reduced Auger
losses.[2, 3] This makes lasers with a type-II based gain
medium promising for many applications, such as optical
data transmission.[4]
Important aspects of the optical properties and car-
rier dynamics of type-II quantum film structures have
been investigated already 25 years ago.[5–8] Lately, type-
II semiconductor heterostructures with a “W”-type band
alignment of the conduction band, spatially separating
electron and hole confinement, were found promising for
laser applications as reported in Refs. 9 and 10.
Up to date, both, edge emitters as well as surface-
emitting quantum well lasers based on type-II material
systems have been demonstrated.[11, 12] The gain prop-
erties of such structures are often characterized by sta-
tionary methods such as the Hakki–Paoli technique or
the variable-stripe-length method.[13–16] Information on
the gain dynamics associated with the carrier dynamics
inside the laser medium can be obtained via ultrafast
pump–probe experiments.[17–19]
Here, we use optical pump–white light probe spec-
troscopy to study the gain dynamics of a type-II “W”-
VECSEL chip containing 10 x (GaIn)As/Ga(AsSb) “W”-
multiple quantum wells. A fully microscopic theory pre-
dicts significant modal room temperature gain for this
chip at a wavelength around 1170nm. For comparison,
we additionally study a conventional type-I chip. We find
that the gain build up is delayed in the type-II structure
as compared to the type-I chip. We attribute this slower
dynamics to a reduced carrier cooling rate in the type-II
structure.
∗ christian.lammers@physik.uni-marburg.de
Our VECSEL chip was grown bottom-up on exact
GaAs (001) (± 0.1◦) substrate in a horizontal AIXTRON
AIX 200 Gas Foil Rotation (GFR) metal organic va-
por phase epitaxy (MOVPE) reactor system. It con-
sists of a lattice matched (GaIn)P capping layer, a res-
onant periodic gain (RPG) structure with 10 multi-
quantum well heterostructures (MQWHs) and a dis-
tributed Bragg reflector (DBR) consisting of 22 1/2
pairs of (AlGa)As/AlAs. The MQWH consists of
a “W”-shaped (GaIn)As/Ga(AsSb)/(GaIn)As type-II
band alignment, which forms the active region, as can
be seen in the inset of Fig. 1 (b). These active regions
are separated by GaAs/Ga(AsP)/GaAs barriers. In or-
der to obtain a resonant structure, the optical layer thick-
nesses of the barriers as well as the (GaIn)P capping layer
were matched to λ/2 with respect to the lasing wave-
length. The layer thicknesses and compositions of the
active region were determined by fitting a fully dynamical
simulation to the HR-XRD ((004)-reflection) pattern of
the chip structure. This analysis yields a Ga(As1−xSbx)
(x=0.198) layer thickness of 4.0 nm. The (Ga1−yIny)As
(y=0.203) layer has a thickness of 5.5 nm.
In the following, we present calculations on the basis
of the semiconductor Bloch equations (SBE) to predict
the gain properties of this structure under optical exci-
tation. In particular, we calculate the changes in absorp-
tion and refractive index for various carrier densities.[20–
22] To achieve a sufficient level of accuracy in our calcu-
lations, we include all terms in the SBE up to the second
Born level to take homogeneous broadening into account,
i.e. intrinsic microscopic carrier scattering inside the
semiconductor.[23, 24] Unavoidable and common growth
inhomogeneities in such MQWH samples are modeled by
an inhomogeneous broadening, a convolution of our the-
oretical spectra with a Gaussian distribution describing
the variation of the bandgap energies.[25] Starting point
for our calculations are the band structure and the cor-
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FIG. 1. Theoretical material absorption and modal gain.
(a) Calculated material absorption for the active region of
the type-II “W”-laser structure is presented for carrier densi-
ties ranging from 0.1 · 1012/cm2 up to 3 · 1012/cm2 (bright to
dark). (b) A simulation of the modal gain for the full type-II
VECSEL system is plotted for a carrier density of 3·1012/cm2.
The inset illustrates schematically the band alignment of the
type-II heterostructure.
responding wavefunctions. All these single-particle prop-
erties are accessed evaluating an 8 × 8 multi band k · p
model.[23, 26] We assume all carriers to be in thermal
equilibrium and therefore Fermi distributed in their re-
spective bands. Due to the type-II design, local charge
inhomogeneities can arise. Consequently, we solve the
Schro¨dinger–Poisson equation to obtain the changes to
the confinement potential.[27] Based on the band struc-
ture and the single-particle wavefunctions, we compute
the dipole and Coulomb matrix elements.[24]
Having modeled the absorption and refractive index
changes induced by a given carrier density, we can derive
the overall optical properties of the VECSEL structure.
Reflection properties of the sample are calculated using
the transfer-matrix method.[22, 28] From the transfer-
matrix calculations, we obtain a spectral filter function
that describes the spatial overlap of the quantum well
positions inside the RPG with the intensity maxima of
the longitudinal light modes of the optical cavity.[29]
The numerical results for the material absorption
of the “W”-type MQWH at 300K are presented in
Fig. 1(a). Here, we assumed an inhomogeneous broad-
ening of 20meV. As the carrier density is increased from
0.1 · 1012/cm2 up to 3 · 1012/cm2 (bright to dark) the
excitonic absorption peak vanishes and the absorption
becomes negative. The calculations show that a spec-
trally broad gain region is formed for this material com-
position in the RPG. We compute the modal gain for a
carrier density of 3 · 1012/cm2, by multiplying the filter
function (represented as dashed line in Fig. 2) with the
gain of the RPG structure. Thereby, the broad material
gain shown in Fig. 1(a) evolves into a narrow modal gain
around 1170nm. This is shown in Fig. 1(b).
Next, we compare the simulated reflectivity to an ex-
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FIG. 2. Theoretical reflectivity (lines) of the type-II gain
structure together with its calculated filter function (dashed
line). Measured reflectance at room temperature for an un-
excited chip is shown as yellow area in the background, while
theoretical reflectivity spectra are presented for carrier den-
sities between zero and 3 · 1012/cm2 (solid lines, bright to
dark). Again, the system temperature is set to 300K with an
inhomogeneous broadening of 20meV.
perimental spectrum in Fig. 2. Here, the measured spec-
trum plotted in the background of the diagram represents
the system under unexcited conditions (yellow shaded
area). A direct comparison between experiment and the-
ory shows a good qualitative agreement. Using our the-
ory as a predictive tool, we increase the carrier density
up to 3 · 1012/cm2, which leads to the broad material
gain, observed in Fig. 1(a). Thereby, we observe a grad-
ual increase of the reflectivity at the absorption dip in
the stop band. Finally, the absorption dip evolves into a
gain peak around 1170nm.
For our optical pump–white light probe gain measure-
ments we use a 1 kHz, 5mJ, 35 fs regenerative Ti:sapphire
amplifier to acquire time-resolved differential reflectiv-
ity spectra. The amplifier drives an optical parametric
amplifier (OPA) to provide spectrally tunable fs pump
pulses and furthermore generates a fs supercontinuum
which is used to probe the gain dynamics in the chip.
The pump spot diameter is determined to 150µm with a
knife-edge measurement. An InGaAs-CCD cooled with
liquid nitrogen is used as a detector in combination with
a Czerny–Turner monochromator with a 80 l/mm diffrac-
tion grating as dispersive element. The excitation density
of our pump pulse with a central wavelength of 1000nm is
set to 5.6 · 1016/cm2 in order to inject a sufficiently large
amount of charge carriers. All experiments are carried
out at room temperature. To obtain the gain spectra,
the measured differential reflectivity spectra were added
to the reflectivity measurements of the unexcited sample.
Examples of the reflectivity spectra obtained for differ-
ent times after the excitation pulse are shown in Fig. 3.
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FIG. 3. Experimental reflectivity spectra of a type-II chip for
pump–probe time delays between 1.3 and 7.0 ns (solid lines,
bright to dark). The maximum gain is reached 1.3 ns after
excitation. The equilibrium situation corresponds to the re-
flectivity measured by the probe pulse without excitation.
For the unexcited sample, one clearly observes the dip in
reflection at 1168nm which was predicted by theory. It
is governed by an interplay of material absorption with
the filter function for the employed material and struc-
ture, as Fig. 1 indicates. After excitation and carrier
relaxation the sample shows gain, i.e. the reflectivity ex-
ceeds one. The gain reaches its maximum after 1.3 ns. It
peaks at 1168nm and has a spectral width of 6 nm. The
gain lasts for several hundred picoseconds. At 2.1 ns it is
barely noticeable. Thereafter, i.e. for larger delay times,
the reflectivity in this spectral region is below one and
gradually reduces.
The black curve in Fig. 4 shows the measured gain
dynamics of the type-II chip. To obtain this curve, a re-
gion of 1.2 nm width around 1168nm was spectrally in-
tegrated. The gain evolves after 600ps, reaches its max-
imum after 1.3 ns and vanishes at 2.1 ns after the opti-
cal excitation. For comparison, the same measurements
were performed on a type-I VECSEL, exploiting spa-
tially direct transitions. The respective chip, which emits
at 1101nm, has an RPG comprising 10 (Ga0.71In0.29)As
QWs with a thickness of 5 nm in between GaAs barriers.
Again, the filter function is positioned at the edge of the
stop band. Hence, all in all one has a similar arrange-
ment as for the type-II VECSEL chip. The grey curve in
Fig.4 shows the gain dynamics of this chip. Once more,
we spectrally integrate over a window of 1.2 nm around
the gain maximum. In this case, the gain appears at 150
ps and lasts for 1.1 ns. By fitting exponential functions
to the decreasing reflectivity, we retrieve charge-carrier
lifetimes for both VECSEL structures. These lifetimes
amount to 3.3 ns and 7.3 ns for the type-I and type-II
chip, respectively. Although the type-I structure pro-
duces a higher peak value of 1.016, the time span of gain
provided by the material system lasts longer for the type-
II structure. As mentioned above, this can be seen as a
direct effect of the spatial separation of charge carriers in
type-II MQWHs, which exhibit a reduced recombination
rate. Hence, high charge-carrier densities, which are a
prerequisite for gain, are conserved for a longer period of
time in comparison to a type-I heterostructure. It is rea-
sonable to assume that a lower radiative recombination
rate in a type-II structure can be a limiting factor with
regard to the maximum amount of gain. We attribute
the slower gain build up in the type-II chip to a reduced
carrier equilibration rate arising from the following sit-
uation: after optical excitation, depending on their ex-
cess energies electron and hole distributions emit optical
phonons and cool down. The cooling rates for electrons
and holes are typically not identical and differ from ma-
terial to material. Yet, in a type-I sample electrons and
holes can efficiently exchange energy via Coulomb scat-
tering and hence, the electron and hole distributions have
a route to rapidly equilibrate among each other. If the
electron distribution cools slower it can profit from a hole
distribution which cools faster - and vice versa. In a type-
II sample electron-hole scattering is significantly dimin-
ished due to the reduced spatial overlap of electrons and
holes. Hence, it takes more time until a thermal equi-
librium among the two distributions is achieved. Yet, a
microscopic calculation of this effect for the multi-layer
structure studied is beyond the scope of this paper.
In conclusion, we have investigated the gain dynamics
of a type-II VECSEL chip using optical pump–white
light probe spectroscopy. Experimental gain spectra
agree well with a fully microscopic theory. We observe
a slower buildup of the modal gain for the type-II chip
when compared to a type-I structure. We attribute
this to a smaller carrier cooling rate in the type-II chip
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FIG. 4. Semilogarithmic plot showing the gain dynamics of
the type-II “W”-VECSEL chip (black line) in comparison to
a conventional type-I chip (grey line). For this plot, an off-
set of 2 ps was applied to the time axis in order to enable a
logarithmic illustration.
4arising from a reduced electron-hole scattering rate.
The smaller scattering rate result from the reduced
spatial overlap of electrons and holes wave functions in
the type-II design. Owing to the fact that a type-II
chip can be successfully employed in VECSELs and
that the design allows for more wavelength flexibility
compared to type-I structures, further efforts will be
done in upcoming investigations in order to optimize the
MQWH design with respect to gain and laser output.
Thereby, type-II VECSELs may push available emission
wavelengths further to the highly desired telecom wave-
lengths.
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